We theoretically study the dynamic time evolution following laser pulse pumping in an antiferromagnetic insulator Cr2O3. From the photoexcited high-spin quartet states to the long-lived low-spin doublet states, the ultrafast demagnetization processes are investigated by solving the dissipative Schrödinger equation. We find that the demagnetization times are of the order of hundreds of femtosecond, in good agreement with recent experiments. The switching times could be strongly reduced by properly tuning the energy gaps between the multiplet energy levels of Cr 3+ . Furthermore, the relaxation times also depend on the hybridization of atomic orbitals in the first photoexcited state. Our results suggest that the selective manipulation of electronic structure by engineering stress-strain or chemical substitution allows effective control of the magnetic state switching in photoexcited insulating transition-metal oxides.
INTRODUCTION
In recent years, growing attention has been drawn to the photodriven ultrafast control of the quantum states and the physical properties in solid-state and molecular systems. In addition to the great theoretical interest in understanding the nonequilibrium dynamics in materials, it could be applied technically to the magnetic or electronic recording. [1] [2] [3] [4] [5] The photoinduced change of physical properties is often attributed to thermal effects because the photon energy eventually is redistributed among interacting charge, spin, and lattice degrees of freedom, and increases the system temperature instantly. 6 On the other hand, photoirradiation may induce non-thermal metastable states or transient phases with optical, magnetic and electric properties distinct from that of the ground states.
7-9
Among these light-responsive materials, the ferromagnetic materials have been brought into sharp focus by laser-induced demagnetization since Bigot and coworkers found the ultrafast dropping of magnetization in nickel film following optical pulses in 1996.
6 Until recently, the ultrashort pulses of light are applied to manipulate the ultrafast processes in the antiferromagnets.
10-14
Indeed, antiferromagnetic (AFM) materials have more advantages than ferromagnets.
For example, they are insensitive to external magnetic fields, 10 stable in miniaturization 11 and much faster in controlling spin dynamics.
14 AFM insulator Chromium oxide (Cr 2 O 3 ) has been the subject of study since the 1960s and its electronic and static optical properties are now well understood.
15-23
However, the ultrafast dynamic demagnetization processes were not probed until recently. 13, [24] [25] [26] The timeresolved second harmonic generation is applied to probe the time evolution of the magnetic and structural state following laser illuminations in the AFM insulator. Variations in the pump photon-energy lead to either localized transitions within the metal-centered states of the Cr ion or charge transfer between Cr and O. Despite its relevance to industrial technology, the ultrafast processes of demagnetization are not well understood from quantum nonequilibrilium dynamics. To selectively control the demagnetization rate is still at a tentative stage in experiments.
In this paper, we first construct a local quantummechanical demagnetization model of the photoinduced electron states in Cr 2 O 3 . The effects of the energy dissipations are taken into account by a dissipative Schrödinger equation. We simulate the time evolution of the excited states following 1.8 eV and 3.0 eV light illumination and find that the decay times from the highspin quartet states to the low-spin doublet states range from 300 femtoseconds (fs) to 450 fs, in line with the experiments. 24 We show that the ratio of the energy gap to the electron-phonon self-energy has a marked impact on the demagnetization times. The decay times are also influenced by the hybridization of atomic orbitals in the first photoexcited state.
DEMAGNETIZATION MODEL
A typical static energy-level scheme of a Cr 3+ metal ion is shown in Fig. 1 
16,28-30
During the ultrafast photodirven demagnetization process from the high-spin to low-spin states in Cr oxides, the first localized excited state triggered by laser irradiation does not directly return to the ground state but follows a complex route of intermediate states accompanying with changes in spin and lattice parameters. The spin-orbit coupling (SOC) could flip the spin of d-orbit electrons in the intermediate states. The redistribution of anisotropic d-orbital occupations often leads to geometric deformation or structural phase transition. Meanwhile, the locally excited state dissipates energy to its surroundings by emission of phonons and/or photons. Since the relaxation time of fluorescence is on a nanosecond (ns) time scale, then a phonon continuum dominates the energy dissipation in the ultrafast demagnetization. To elucidate this dynamical process, we introduce a model with electronic multiplet levels at energies E i , coupled to a phonon bath. Due to the strong electron-phonon coupling and the substantial bath memory effects in a photodriven system, a Born-Markov master equation fails to effectively describe the ultrafast electron dynamics.
Therefore, we first map the spin-boson-like model to an alternative model, where the electronic levels are coupled to a single harmonic mode damped by an Ohmic bath. 31, 32 The memory effects could be effectively taken into account by the time evolution of the strength of the harmonic mode. Here, the correlations between electrons are taken into account by the renormalization of the electronic state energies. The local system Hamiltonian is written as
where c † i c i gives the occupation of the multiplet i, V ij is the coupling constant that causes a transition between energy level j and i, a + is the creation operator for the harmonic phonon with frequency ω. We further define the electron-phonon self-energy difference
2 /hω and the energy gap Fig. 1 ).
We describe the time evolution of the local open quantum system with the dissipative Schrödinger equation
where H 0 is the the Fröhlich transformation of the Hamiltonian H S , D is a dissipative operator that describes the bath induced state transfer
Here, P k (t) = |c k (t) | 2 is the state probability and |ψ(t) >= k c k (t) |ψ k >. The time evolution of the probability of multiplet i with n excited phonon modes is given by 34, 35 
with Γ = πρV 2 /h, the environmental phonon relaxation constant. 34, 36 According to the Jablonski energy diagram, (2Γ) −1 ranges from 0.01 picosecond (ps) to 10 ps. In this paper, we set (2Γ) −1 = 0.1 ps.
DEMAGNETIZATION PROCESS
Since the spin-flip is forbidden in photoexcitation, the first photoexcited states starting from the 4 30 The change in energy for different configurations is close to parabolic for an adiabatic change in the Cr-ligand distance. From the change in equilibrium distance or the optical absorption and luminescence spectra, we can obtain the Huang-Rhys factor g ≈ 4 between the doublets (e.g.
2 E, 2 T 1 and 2 T 2 ) and the quartet states (e.g.
4 T 2 and 4 T 1 ). 38 We assume the Huang-Rhys factor g ≈ 0 between the ground state and 4 M LCT according to the sharp absorption line. Correspondingly, the difference of electron-phonon self-energy ε ij is equal to ghω and the electron-phonon coupling constant |λ i − λ j | = ε ijh ω. The spin changes during the transfer from a quartet to a doublet state, and the coupling V between the two different spin states is generally accepted to be due to the SOC. We take the strengh of SOC around 0.03 eV in Cr ions. 39, 40 Strongly coupled to the optically excited electrons, the optical phonon modes could be observed by Raman spectroscopy. Owing to the symmetry of Cr 2 O 3 , there are seven Raman modes, two with A 1g symmetry and five with E g symmetry, and the longer wavelengths corresponding to the E g modes. 24 We take the E g mode valuehω = 0.075 eV, which dominates the relaxation at the 1.8 eV pumping, and A 1g modē hω = 0.065 eV, the main damping phonon at 3.0 eV photon excitation.
41
The 1.8 eV photoexcitation results in the transition from the 4 A 2 ground state to the 4 T 2 excited state. An electron in the t 2g orbital is locally excited to the e g orbital by the illumination. Such a transition yields an elongation of the Cr-O band length of several tenths of anÅngstrom since the change from a t 2g to an e g charge distribution leads to a stronger repulsion between the Cr and the O ligands. 29 The bond length change leads to different electron-phonon couplings between the two states, thereby forming a Franck-Condon continuum.
33 Under the action of SOC and electron phonon interaction, the first excited state relaxes to the long lived states, namely, the 2 T 1 and 2 E doublet states. The energy gap between 2 T 1 and 2 E is small, e.g. around 0.06 eV, therefore the 2 T 1 and 2 E populations are often combined for kinetic purposes. 19 In Fig. 2 , we show the time evolution of the three states involved in the ultrafast demagnetization process by solving the dissipative Schrödinger equation. The starting state is 4 T 2 , excited from the ground state. The E g phonon mode withhω = 0.075 eV dominates the relaxation.
41 Therefore, the self-energy difference ε between the metal-centered quartet and doublet is 0.3 eV, with the Huang-Rhys factor g = 4. The quartet state and the doublet state are mediated by SOC, i.e. V =0.03 eV. The energy gap ∆ between 4 T 2 and 2 T 1 is 0.04 eV, and 0.1 eV between 4 T 2 and 2 E. The 0.04 eV and 0.1 eV energy gaps are indicated in the obvious oscillations with the periods around 100 fs and 40 fs, respectively in the time evolution of both the quartet and doublet states. We find that the probability of the 4 T 2 state falls quickly and the sum of the probability of the 2 T 1 and 2 E states increases in the first 0.5 ps. Fitting the curves using kinetic rate equations, the rise time constant of the sum of the two doublet states are around 400 fs, which agrees well with the experiments by the time-resolved second harmonic generation.
24
The decay time of a photoexcited state strongly depends on the ratio of the energy gap to the electronphonon self-energy difference, which has been demonstrated in transition-metal complexes. 34 When the ratio ∆/ε ranges from 0.5 to 1.5, the fastest decay occurs. In engineering, the energy gap between the multiplets could be changed by distortion stress, strain or chemical substitution of ligands, which provides a feasible approach to adjust the demagnetization time. For example, since the gap between 4 T 2 and 2 T 1 is very small, ∆ = 0.04 eV, it may result in a longer decay time. We found that provided the gap increases 0.2 eV, close to ε = ghω = 0.3 eV, the demagnetization time is strongly reduced to around 100 fs, a quarter of the original period, as shown in Fig.  3 . Comparing with Fig. 2 , the probability oscillations are strongly suppressed by the faster energy dissipation. also affects the decay times. We further expect that the demagnetization times could be selectively controlled by the engineering stress-strain or chemical substitution of ligands in insulating transition-metal oxides.
